Unusual magnetic anisotropy of the ferromagnetic shape-memory alloy Ni 50 Fe 23 Ga 27 has been observed. The anisotropy of the austenite becomes very large, even larger than that of the martensite in ribbon samples. Lowering the temperature from 300 K to 80 K, the saturation field of the austenite is dramatically increased from 200 Oe up to 6 kOe. This high-anisotropy behavior clearly highlights the demagnetization effect of the martensitic transformation. The physical mechanism is attributed to a collective effect coming from the atomic disorder, the premartensitic transformation, and the off-stoichiometric Ga-rich composition of the alloys. Heusler alloy-type ferromagnetic shape-memory alloys (FSMA) have drawn much attention as a potential material candidate for many applications.
1,2 They undergo a martensitic transformation (MT) accompanied by a significant change of magnetocrystalline anisotropy. Among them, FSMA of the NiFeGa has the special property that the premartensitic transformation lasts in a much larger temperature range than in other FSMA and causes an apparent lattice distortion. 3 Therefore, many investigations have been focused on the related properties, magnetic anisotropy, and magnetostrain. [4] [5] [6] [7] [8] However, the magnetic-anisotropy characteristics of the austenite in the NiFeGa system, especially in the off-stoichiometrical system with disordered atoms after the premartensitic transformation, have not been systemically investigated.
In this paper, we report unusual behavior of the magnetic anisotropy in the alloy Ni 50 Fe 23 Ga 27 . A quite large magnetic-anisotropy of the austenite and pronounced demagnetization effect at the MT have been observed. The physical mechanism is attributed to a collective effect of the disordered atomic configuration, the premartensitic transformation, and the off-stoichiometrical Ga-rich composition of the alloys. Various magnetic measurements and ab initio calculations have been performed to support the conclusions.
The alloy Ni 50 Fe 23 Ga 27 was prepared by melting together the constituting pure metals in an induction furnace. The ingots were heat-treated at 1353 K for 24 h for homogenization and then quenched in water (denoted as quenched sample). The quenched samples were further heat-treated at 300 C for 24 h to obtain atomic ordering (denoted as annealed sample). A ribbon sample with the same composition was prepared by the melt-spinning method at a rate of 12.7 m/s. X-ray diffraction (XRD) using Cu-K a radiation was employed to characterize the structure. The magnetic properties were measured in a superconducting quantum interference device magnetometer (Quantum Design, MPMS5).
The Heusler alloy Ni 2 FeGa exhibits a MT from the body-centered-cubic L2 1 structure to an orthorhombic structure when the temperature is lowered. 9 When Ga is substituted for Fe, it has been found that the MT temperature (T m ) monotonously decreases in the series of Ni 50 Fe 25Àx Ga 25þx alloys, which is consistent with the electron-concentration (e/a) dependence of the transformation behavior that has been reported before. 10 The quenched Ni 50 Fe 23 Ga 27 sample shows a T m of 59 K, the lowest transformation temperature compared with other NiFeGa alloys reported previously.
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With lowering Fe content, the MT disappears. Figure 1 shows M-T curves of Ni 50 Fe 23 Ga 27 alloys prepared by the different methods described above, measured in a magnetic field of 200 Oe during field-cooling (FC), followed by field-heating (FH), as indicated by the arrows. These low-field M-T curves are quite sensitive to the magnetic-anisotropy of the samples. The annealed sample shows a usual M-T curve having a large magnetization drop from 28 to 21 emu/g at the MT, because the martensite with the low structural symmetry has a higher magneticanisotropy than the austenite. The magnetization of the quenched sample also decreases at the transformation temperature, but the decrease is quite small, only about 1.5 emu/g. However, very surprisingly, the magnetization of the ribbon sample exhibits opposite behavior. Instead of decreasing, the magnetization increases at the MT from 26 to 29 emu/g.
Considering the different preparation methods of the three samples, the observed magnetization behavior is likely to be attributed to a different degree of atomic ordering. A differential thermal analysis examination reveals a thermal event occurring at about 670 C, which has been reported to correspond to an atomic-ordering transition in Ni 50 Fe 23 Ga 27 . 12 Therefore, quenched and ribbon samples possess larger atomic disorder than annealed samples. Particularly, the ribbon sample has solidified at a very high cooling rate. Among Heusler type FSMA, a special precursor, premartensitic transformation usually occurs before the MT associated with incomplete softening of the anomalous phonons. 13, 14 The premartensitic transformation in the NiFeGa usually occurs in a quite wide temperature range. 3 As can be seen in the M-T curves in Fig. 1 , the premartensitic transformation leads to a decrease of the magnetization starting at a temperature quite near Curie temperature (T C ¼ 380 K) for both the quenched sample and the ribbon sample. In contrast, no clear magnetization decrease is observed for the annealed sample in the same temperature range. This strongly suggests that, in the disordered samples, the enhanced magnetic anisotropy originates from the premartensitic transformation. Figure 2 shows the M-T curves of the two types of disordered samples measured in different fields. For the quenched sample, the magnetization in the austenite phase is lower in a FH run than in a FC run until the applied field has increased to 1 kOe. This means that, undergoing the reverse transformation, the magnetic moments cannot be aligned to the same level by the same field as before the MT. This is because, if the applied field is not high enough, a large anisotropy energy barrier prevents that the magnetization reversal process takes place here enough. It also shows that the MT works as a demagnetization process in which the aligned moments are demagnetized by the deformation of the lattice and the magnetic domains need to be reconstructed by the applied field. This phenomenon is also observed for the ribbon sample, as shown in Fig. 2(d) , in which the magnetization of the martensite becomes higher than that of the austenite, but the curve drops down more lower than before through the reverse transition. Figure 3 (a) shows M-T curves for the ribbon sample in the martensite phase measured in fields below the saturation field. At the MT, the magnetization of all curves exhibits an increase, instead of a decrease through the MT like what observed for the quenched and annealed samples (Fig. 1) . This implies that, in the ribbon sample with high degree of disorder, the magnetic-anisotropy of the austenite is higher than that of the martensite. Furthermore, before the premartensitic transformation, the austenite shows typical lowanisotropy magnetization at 300 K and saturates in a quite low field of about 200 Oe, as shown in Fig. 3(b) . However, during the premartensitic transformation, when the temperature is decreased to 150 K, the anisotropy becomes quite large and the magnetization cannot be saturated even in 6 kOe. It should be noted that the sample is still in the austenite phase at 150 and 80 K where the M-H curves become very similar in shape to the curve of the martensite measured at 50 K. This indicates that this dramatic enhancement of the 252504 (2011) anisotropy in the austenite really comes from the premartensitic transformation. Figure 4 shows temperature dependence of the saturation field (H s ) for three types of samples. It can be clearly seen that the anisotropy level is the same in the martensite at 50 K and the austenite at 300 K. On the other hand, the anisotropy of the austenite increases in the temperature range 80-250 K where the premartensitic transformation occurs. Apparently, the samples with higher atomic disorder have a larger increase of the anisotropy, especially the ribbon sample for which the saturation field of the austenite is even larger than that of the martensite. Figure 5 shows the M-H curves of the three types of samples measured at 5 K where the samples are in the martensite phase. The annealed sample has a magnetization of about 67 emu/g, while the magnetization of the disordered ribbon equals 56 emu/g, about 16% smaller. This smaller magnetization indicates a disordered atomic configuration of Ni and Fe, because the magnetic moments of Fe are decreased by the high covalent interaction 15 between nearest-neighbor Fe and Ga atoms, when disordered Fe atoms occupy Ni sites. In a previous paper, the disordered distribution of Fe in Ni 2 FeGa ribbon samples has been confirmed by transmission electron microscopy. 16 Ab initio calculations based on density functional theory with the coherent potential approximation 17 (CPA) for the disorder system we had performed indicate that, in this situation, the magnetic moment of Fe decreases from 2.76 l B to 1.84 l B due to the hybridization effect between Fe and Ga.
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In addition, the sample studied in the present work is off-stoichiometric. The Ga-rich composition results in the appearance of low-symmetry Ga-Ga pairs, so called B2-like structure. Associated with the enhanced covalent bonding due to the Ga-rich composition, 15 the magnetic anisotropy of the system will be enhanced. We can conclude that three important factors: the low structural symmetry caused by the Ga-rich composition, the atomic disorder configuration caused by the rapid solidification, and the lattice distortion caused by the premartensitic transformation, collectively give rise to an unusual magnetic anisotropy behavior of the austenite of Ni 50 Fe 23 Ga 27 .
In conclusion, the unusual-property of the ferromagnetic shape-memory alloy Ni 50 Fe 23 Ga 27 , that the magneticanisotropy of the austenite is larger than of the martensite, has been investigated. The atomic disorder in the fast-cooled samples is responsible for a significant enhancement of the magnetic anisotropy in the austenite when the premartensitic transformation occurs. The magnetization at 5 K and ab initio calculations indicate reduced magnetic moments of the disordered Fe atoms with nearest-neighbor Ga atoms. The magnetic-anisotropy behavior can be attributed to a collective effect of the low crystalline symmetry caused by the GaGa pairs; the atomic disorder of Fe atoms caused by the fastcooling preparation and the premartensitic transformation which is a special precursor for the martensitic transformation in the NiFeGa system. The observed demagnetization effect of the martensitic transformation can be attributed to the large anisotropy of the austenite. 
252504-3
Qian et al. Appl. Phys. Lett. 99, 252504 (2011) 
